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ALT

:   alanine aminotransferase

ALKP

:   alkaline phosphatase

AST

:   aspartate aminotransferase

FGF

:   fibroblast growth factor

FXR

:   farnesoid X receptor

HPC

:   hepatic progenitor cell

HSC

:   hepatic stellate cell

MCD

:   methionine‐choline deficient diet

Mdr2

:   multidrug resistance protein 2

NAFLD

:   non‐alcoholic fatty liver disease

NASH

:   non‐alcoholic steatohepatitis

OCA

:   obeticholic acid

PBC

:   primary biliary cholangitis

PSC

:   primary sclerosing cholangitis

TBIL

:   total bilirubin

TGR5

:   Takeda G‐protein receptor 5

Key pointsWe report that EDP‐305, novel FXR agonist, potently suppresses liver injury and fibrosis in mouse models of liver disease. Compared to first‐in‐class drug obeticholic acid, it demonstrates favourable therapeutic profile and does not negatively impact the biliary tree. These results support clinical trials with EDP‐305 in biliary diseases and non‐alcoholic steatohepatitis, and has important implications for novel drug design.

1. INTRODUCTION {#liv14490-sec-0006}
===============

Liver fibrosis, characterized by continuous and progressive deposition of extracellular matrix, leads to the formation of scar tissue in chronic liver diseases of many aetiologies, and is a major determinant of liver‐related morbidity and mortality.[^1^](#liv14490-bib-0001){ref-type="ref"}, [^2^](#liv14490-bib-0002){ref-type="ref"} Apart from liver transplantation, there is no effective treatment for the majority of non‐viral chronic liver diseases associated with progressive fibrosis, such as non‐alcoholic fatty liver disease (NAFLD) non‐alcoholic steatohepatitis (NASH) and cholangiopathies including primary biliary cholangitis (PBC), primary sclerosing cholangitis (PSC) and cystic fibrosis‐related liver disease (CFLD[^3^](#liv14490-bib-0003){ref-type="ref"}). Thus, the development of effective antifibrotic drugs that can halt or reverse progression of liver fibrosis is urgently needed.[^4^](#liv14490-bib-0004){ref-type="ref"}

The farnesoid X receptor (FXR, NR1H4) is nuclear receptor, which heterodimerizes with retinoid X receptor (NR2B1) upon binding to its endogenous ligand chenodeoxycholic acid to induce the expression of downstream genes, including FGF19 (fibroblast growth factor‐19), that regulate the biological processes of bile acid synthesis and transport, cholesterol metabolism and glucose homeostasis.[^5^](#liv14490-bib-0005){ref-type="ref"} Upon activation by FXR in a disease state, the FXR/FGF19 system plays a crucial role in the pathogenesis of cholestatic disease,[^6^](#liv14490-bib-0006){ref-type="ref"} NAFLD,[^7^](#liv14490-bib-0007){ref-type="ref"} impaired liver regeneration,[^8^](#liv14490-bib-0008){ref-type="ref"} liver fibrosis[^9^](#liv14490-bib-0009){ref-type="ref"} and hepatocellular carcinoma.[^10^](#liv14490-bib-0010){ref-type="ref"}

Obeticholic acid (OCA; INT‐747), a potent first‐in‐class FXR agonist, is a 6α‐ethyl derivative of the natural FXR ligand chenodeoxycholic acid. In recent clinical phase 2 trials for NASH (FLINT[^11^](#liv14490-bib-0011){ref-type="ref"}) and PBC (POISE[^12^](#liv14490-bib-0012){ref-type="ref"}), OCA treatment resulted in rapid and robust improvement in relevant serum biochemistries (alanine aminotransferase (ALT) in NASH, alkaline phosphatase (ALKP) and bilirubin in PBC). The FLINT study successfully met its primary efficacy end point of histological improvement in NAFLD Activity Score on follow‐up biopsy without worsening of fibrosis.[^11^](#liv14490-bib-0011){ref-type="ref"}These studies largely confirmed the therapeutic potential of OCA, and FXR agonism in general, as presumed from multiple preclinical studies. However, the optimism for the wide clinical use of OCA is hampered by several side effects reported in patients, such as drug‐induced pruritus in both NASH and PBC trials and increase in low density lipoprotein (LDL) cholesterol levels. A relatively narrow therapeutic window, with rare cases of severe hepatotoxity recorded in patients with advanced liver disease after accidental use of increased doses (<https://www.fda.gov/Drugs/DrugSafety/ucm576656.htm>), is another factor potentially limiting therapeutic use of OCA. At least some of these side effects can be theoretically ascribed to the bile acid‐like structure and behaviour of the OCA molecule, resulting in challenging pharmacokinetics due to enterohepatic circulation of OCA and its metabolites, and significant TGR5 agonistic properties [^13^](#liv14490-bib-0013){ref-type="ref"}, [^14^](#liv14490-bib-0014){ref-type="ref"} that are potentially responsible for drug‐related side effects such as pruritus.[^15^](#liv14490-bib-0015){ref-type="ref"}, [^16^](#liv14490-bib-0016){ref-type="ref"} Recent study also reports OCA may increase the risk of gallstone formation in susceptible patients.[^17^](#liv14490-bib-0017){ref-type="ref"} Given these considerations, and the otherwise encouraging clinical results with OCA, targeting FXR in hepatobiliary disorders has generated high interest in the pharmaceutical industry, with multiple new non‐bile acid FXR agonists in various stages of preclinical and clinical development.[^18^](#liv14490-bib-0018){ref-type="ref"} However, whether and to what extent these structurally new agents may offer significant advantages compared to OCA, either by improving therapeutic efficacy or avoiding the reported side effects, is currently unclear.

We hypothesized that the FXR agonists that are structurally different from bile acids may offer an improved efficacy and safety profile for chronic liver diseases. Here, we report detailed preclinical in vitro and in vivo efficacy data for EDP‐305, a novel non‐bile acid FXR agonist with single‐digit nanomolar FXR activity and minimal TGR5 reactivity, on liver injury and fibrosis in two mouse models representing biliary and metabolically induced liver disease, in direct comparison with the first‐in‐class FXR agonist OCA.

2. MATERIALS AND METHODS {#liv14490-sec-0007}
========================

2.1. Animal experiments {#liv14490-sec-0008}
-----------------------

All animals were housed with a 12‐hour light‐dark cycle and permitted ad libitum consumption of water and a standard chow diet unless otherwise stated. All animal procedures were approved by the Institutional Animal Care and Use Committee at Beth Israel Deaconess Medical Center (protocol 010‐2015).

### 2.1.1. BALB/c.Mdr2‐/‐ mouse model of biliary liver fibrosis {#liv14490-sec-0009}

*Mdr2(abcb4)‐/‐* mice on the fibrosis‐susceptible BALB/c background, which spontaneously develop accelerated severe biliary fibrosis, early onset portal hypertension and liver cancer, were generated and characterized as reported previously [^19^](#liv14490-bib-0019){ref-type="ref"} and bred in animal research facilities at BIDMC. Treatments started at 6 weeks of age, when advanced liver fibrosis was already established, and continued for the following 6 weeks.

### 2.1.2. Murine steatohepatitis model {#liv14490-sec-0030}

*Methionine and choline‐deficient diet (MCD) feeding* of C57Bl/6 mice as a model of NASH was performed as reported previously.[^20^](#liv14490-bib-0020){ref-type="ref"} Eight‐week‐old male C57Bl/6 mice (Jackson Labs, Bar Harbor, MA) were fed MCD (Research Diets, Inc) ad libitum for 8 weeks to induce progressive steatohepatitis. Treatments were started after 4 weeks of MCD feeding, when steatohepatitis and incipient fibrosis were already established, and continued for the following 4 weeks in parallel with ongoing MCD feeding.

2.2. FXR agonists {#liv14490-sec-0010}
-----------------

EDP‐305 is a novel and highly potent FXR agonist discovered by Enanta Pharmaceuticals, Inc which was characterized previously[^21^](#liv14490-bib-0021){ref-type="ref"} with an EC50 value of 8 nM in a full‐length FXR reporter assay using Human Embionic Kidney 293 cells (compared to EC50 130 nM for OCA using the same assay). EDP‐305 has minimal activity against the G protein‐coupled bile acid receptor 1 (TGR5) with EC50 \> 15 uM in a TGR5 activation assay in Chinese Hamster Ovarycells (compared to EC50 0.381 uM for OCA in the same assay). In the BALBc.*Mdr2‐/‐* model, EDP‐305 and OCA were incorporated into D5001 rodent chow (Research Diets, Inc) at 71.4 mg/kg (10 mg/kg/day dose equivalent) and 214 mg/kg (30 mg/kg/day dose equivalent). The OCA dose was selected based on prior reports.[^22^](#liv14490-bib-0022){ref-type="ref"} Medicated diets were fed ad libitum in parallel with a placebo control group receiving re‐pelleted D5001 base diet. In MCD model, EDP‐305 (Enanta Pharmaceuticals, Inc) and OCA (Enanta Pharmaceuticals, Inc) were administered via oral gavage at doses of 10 and/or 30 mg/kg in 0.5% methylcellulose once a day. Placebo controls received equivalent volumes of vehicle (0.5% methylcellulose).

### 2.2.1. Portal venous pressure measurement {#liv14490-sec-0011}

At study end point, mice were anaesthetized with isoflurane (1.5% vol/vol) via high‐precision digital vaporizer (SomnoSuite from Kent Scientific, Braintree). After laparotomy, the portal vein was cannulated, and portal pressure was measured directly by inserting a 1.2‐Fr high‐fidelity pressure catheter (Scisense, London, ON, Canada). Pressure signals were recorded at 2 kHz for 5 minutes and analysed using PowerLab software (ADInstruments, Colorado Springs, CO), as described previously.[^19^](#liv14490-bib-0019){ref-type="ref"}

### 2.2.2. Immunohistochemistry and immunofluorescence {#liv14490-sec-0012}

Connective tissue stain and immunohistochemistry were performed in formalin‐fixed paraffin‐embedded liver sections, and immunofluorescence were performed in acetone‐fixed EPCAM + hepatic progenitor cell (HPC) cultures, as described previously by us [^23^](#liv14490-bib-0023){ref-type="ref"} and others.[^24^](#liv14490-bib-0024){ref-type="ref"} For morphometric quantification of percent of collagen area (picrosirius red), positive area for immunohistochemistry staining in Mdr2‐/‐ and MCD‐fed mice was calculated using ImageJ software (NIH, Bethesda) in \>10 random periportal high‐power fields (HPF). To quantify HPC activation in healthy wild‐type mice, CK19‐positive cells were counted in \>10 randomly chosen portal tracts.[^25^](#liv14490-bib-0025){ref-type="ref"} At least four randomly chosen individual mice/group were analysed at 200x magnification. Detailed information about primary antibodies is summarized in Table [S1](#liv14490-sup-0001){ref-type="supplementary-material"}.

Additional methods, including *isolation and culture of primary murine hepatic stellate cells (HSCs), hepatic progenitors, colony‐forming and differentiation assay and qRT‐PCR,* can be found in the Supplementary Material.

2.3. Statistical analyses {#liv14490-sec-0013}
-------------------------

Data are expressed as means ± SEM, and statistical analyses were performed using Microsoft EXCEL and GraphPad Prism version 5.00 (GraphPad Software, San Diego, CA). Multiple comparisons were performed by one‐way analysis of variance (ANOVA) with the Dunnett\'s post‐test. In vitro experiments were performed in triplicates and analyszed using ANOVA, or unpaired t‐test when appropriate. Two‐tailed *p* values lower than 0.05 were considered significant.

3. RESULTS {#liv14490-sec-0014}
==========

3.1. EDP‐305 inhibits primary murine HSC activation in vitro {#liv14490-sec-0015}
------------------------------------------------------------

To evaluate the direct effects of EDP‐305 on fibrogenic activation of HSCs, the major effector cells in liver fibrosis, we isolated primary murine HSC and incubated them with increasing concentrations of EDP‐305 (at 5‐500nM) for 24hours during their spontaneous activation in vitro. Stellate cell activation marker alpha‐smooth muscle actin (a‐SMA) expression was markedly reduced in the presence of EDP‐305 (50‐500nM) as assessed via immunofluorescence (Figure[1A](#liv14490-fig-0001){ref-type="fig"}). Furthermore, EDP‐305 dose‐dependently inhibited serum‐induced stellate cell proliferation as assessed by MTT assay (Figure[1B](#liv14490-fig-0001){ref-type="fig"}) and suppressed profibrogenic gene expression of procollagen α1(I), TGFβ1 and TIMP‐1 up to two‐ to three‐fold compared to controls at 500nM concentration of EDP‐305 (Figure[1C](#liv14490-fig-0001){ref-type="fig"}). OCA, used as a comparator at highest equimolar concentration (500nM), had a less apparent effects on a‐SMA expression; HSC cell proliferation was not affected by OCA, and while average mRNA expression of procollagen α1(I), TGFβ1 and TIMP‐1 were moderately reduced by about 30%, none of these differences were statistically significant in multivariate analysis (Figure[1](#liv14490-fig-0001){ref-type="fig"}). Similar results were observed in HSC‐X cell line (Figure[1D](#liv14490-fig-0001){ref-type="fig"},E). Both drugs at tested concentrations had no appreciable effect on cell viability, as assessed by trypan blue exclusion test (data not shown).

![EDP‐305 potently and dose‐dependently inhibits hepatic stellate cells activation in vitro. (A) Representative immunofluorescence staining for αSMA and (B) cell proliferation in serum‐stimulated primary murine HSCs (n = 5, MTT assay). Neg. -- negative control, untreated cells starved in 1% FBS; Ctrl -- positive control, serum‐stimulated cells with 10% FBS for primary HSCs and vehicle (0.1%DMSO), all others were serum‐stimulated and supplemented with EDP‐305 or OCA at indicated concentrations. (C) Expression of profibrogenic transcript levels in primary murine HSC (procollagen α1(I), TGFβ1, TIMP‐1) as quantified by qRT‐PCR. (D). Serum‐induced cell proliferation of immortalized rat HSC‐X cells (MTT assay, n = 5, experimental design same as with primary HSC with the exception that reduced 2% FBS was used for stimulation) and (E) profibrogenic transcript levels in HSC‐X cells (procollagen α1(I), TGFβ1, TIMP‐1) as quantified by qRT‐PCR. Results are expressed as mean ± SEM, and in arbitrary units (fold to controls) relative to β2MG mRNA (n = 5). \**P* \< .05 and \*\**P* \< .01 compared to controls (ANOVA with Dunnett\'s post‐test)](LIV-40-1655-g001){#liv14490-fig-0001}

3.2. EDP‐305 potently suppresses pre‐established biliary injury and fibrosis in BALBc.Mdr2‐/‐ mouse model {#liv14490-sec-0016}
---------------------------------------------------------------------------------------------------------

Next, we evaluated therapeutic efficacy of EDP‐305 in BALBc.*Mdr2‐/‐* model of chronic progressive biliary liver disease.[^19^](#liv14490-bib-0019){ref-type="ref"} EDP‐305 (10 mg/kg or 30 mg/kg) or OCA (30 mg/kg) was administered starting from 6 weeks of age (when advanced liver fibrosis was already pre‐established) for the following 6 weeks after which portal pressure, liver injury and fibrosis were assessed (Figure [2A](#liv14490-fig-0002){ref-type="fig"}). EDP‐305 was well tolerated at both doses, and no weight loss, deaths or other drug‐related toxicity events were observed (Table [S3](#liv14490-sup-0001){ref-type="supplementary-material"}). In the OCA‐treated group, significant adverse effects were observed in BALBc.*Mdr2‐/‐* mice in the first 2 weeks of treatment. Out of the 19 mice total, four died on day 10 of feeding, and three more lost 20% of their body weight, necessitating their early euthanasia at day 11 of feeding. Necropsy revealed white spotty macroscopic lesions throughout the liver parenchyma, which histologically presented as focal necrosis affecting up to 50% of hepatocytes (via H/E staining, not shown). The remaining 12 mice in the OCA‐treated group demonstrated transient weight loss between weeks 1 and 3 of treatment (Figure [S2](#liv14490-sup-0001){ref-type="supplementary-material"}A), but survived to the end of the experiment and did not differ in their gross appearance, body weight or macroscopic appearance of the liver at the end of 6 weeks of treatment. Short‐term PK/PD study in *Mdr2‐/‐* mice suggested that hepatotoxicity is likely attributable to the accumulation of taurine OCA conjugate in *Mdr2‐/‐* mice (Figure [S1](#liv14490-sup-0001){ref-type="supplementary-material"} for details). Serum ALT and aspartate aminotransferase (AST) were significantly decreased by 30% and 34%, 53% and 66% in mice receiving 10 and 30 mg/kg of EDP‐305, respectively, and by 30% and 24% in OCA‐treated group, compared to placebo (Figure [2B](#liv14490-fig-0002){ref-type="fig"} *, P \< .05*). Compared to placebo group, ALKP and total bile acid levels were significantly decreased by all treatments by 42% and 54.4% (10mg/kg EDP‐305), 39% and 45% (30mg/kg EDP‐305), and 43.6% and 54% (30 mg/kg OCA) respectively (*P* \< .05). Serum levels of total bilirubin (TBIL) were significantly reduced by 41.8% and 33.2% lower at 10 and 30mg/kg dose of EDP‐305, respectively, but not impacted by 30 mg/kg OCA (Figure [2C](#liv14490-fig-0002){ref-type="fig"}). Histologically, bridging and perisinusoidal fibrosis were markedly suppressed in BALBc.*Mdr2‐/‐* mice receiving EDP‐305, with 32% and 53% reduction in collagen area morphologically in low‐ and high‐dose groups respectively (Figure [2D](#liv14490-fig-0002){ref-type="fig"}). Similar results were observed with collagen type 1 immunohistochemistry (Figure [S4](#liv14490-sup-0001){ref-type="supplementary-material"}). Biochemically, hepatic collagen levels (as assessed via hepatic hydroxyproline) were significantly elevated in the placebo group (12‐week‐old mice fed control diet for 6 weeks) compared to 'start of treatment' controls (6‐week‐old BALBc.*Mdr2‐/‐*, '6w start' group) (Figure [2E](#liv14490-fig-0002){ref-type="fig"}). At the end of the experiment, treatment with EDP‐305 at both doses, but not OCA, reduced portal venous pressure compared to placebo control (by an average 1.26 mm Hg and 1.31 mm Hg by low‐ and high‐dose EDP‐305, respectively, *P* \< .05, Figure [2F](#liv14490-fig-0002){ref-type="fig"}). EDP‐305 at 30 mg/kg dose inhibited collagen deposition by 52.8% compared to placebo controls (*P* \> .05), while OCA at the same dose (30 mg/kg) did not. Furthermore, profibrogenic transcript levels of procollagen α1(I), TGFβ1 and TIMP‐1 were significantly reduced (up to two‐ to three‐fold) in the livers of mice treated with EDP‐305 as compared to placebo, while OCA did not have an effect (Figure [2G](#liv14490-fig-0002){ref-type="fig"}).

![Delayed treatment with EDP‐305 potently suppresses liver injury and fibrosis in BALBc.*Mdr2‐/‐* mouse model. (A) BALBc.*Mdr2−/−* mice with pre‐established advanced liver fibrosis were administered with EDP‐305 (10 mg/kg or 30 mg/kg), OCA (30 mg/kg) or repelleted base chow as placebo control, from 6 to 12 weeks of age (n = 9‐10). WT are healthy untreated wild‐type mice, 6w start group is a 'start of treatment' *Mdr2‐/‐* controls. (B) Serum levels of transaminases (ALT and AST), and (C) Serum alkaline phosphatase test (ALKP), total bilirubin (TBIL) and bile acid. (D) Representative images of connective tissue (picrosirius red, 50x) staining and morphometric quantification of collagen. (E) Hepatic collagen content (determined biochemically via hydroxyproline content). (F) Portal venous pressure at study end‐point. (G). Profibrogenic transcript levels of procollagen α1(I), TGFβ1, TIMP‐1 as measured by TaqMan qRT‐PCR. Data are mean ± SEM, \**P* \< .05; \*\**P* \< .01 compared to placebo control group, \#, *P* \< .05 compared to start of treatment controls (ANOVA with Dunnett\'s post‐test)](LIV-40-1655-g002){#liv14490-fig-0002}

3.3. HSC activation and ductular reaction in EDP‐305‐treated BALBc.Mdr2‐/‐ mice {#liv14490-sec-0017}
-------------------------------------------------------------------------------

Profibrogenic HSC activation and ductular reaction are key cellular processes driving liver fibrosis progression, and were analysed using immunohistochemistry for a‐SMA (HSC activation marker) and CK19 (ductal cell marker) followed by quantitative morphometry. EDP‐305 markedly and dose‐dependently suppressed HSC activation in Mdr2‐/‐ livers, with up to three‐fold reduction in the a‐SMA‐positive area at 30mg/kg dose (Figure [3A](#liv14490-fig-0003){ref-type="fig"}). Ductular reaction (CK19‐positive area morphometry) was similarly diminished by EDP‐305 treatment, with up to a three‐fold decrease at the 30mg/kg dose (Figure [3B](#liv14490-fig-0003){ref-type="fig"}). Surprisingly, and in stark contrast to EDP‐305, OCA treatment exerted dichotomous effects on stellate cell activation and ductular reaction in Mdr2‐/‐ livers. While OCA significantly reduced a‐SMA‐positive area, albeit to a lesser degree than EDP‐305 (by 21.5%, Figure [3A](#liv14490-fig-0003){ref-type="fig"}, *P* \< .01), CK19‐positive area was increased by 26.4% in OCA‐treated livers compared to placebo (Figure [3B](#liv14490-fig-0003){ref-type="fig"}, *P \< .05*). These results were corroborated by similar changes in SOX9 expression, a stem cell/progenitor marker which was reduced by 59.8% EDP‐305 at 30mg/kg, compared with placebo group while OCA had no effect. Dramatically expanded laminin expression, a critical extracellular hepatic progenitor niche component was decreased by 52.5% in Mdr2‐/‐ mice by EDP‐305 but not by OCA. (Figure [3C](#liv14490-fig-0003){ref-type="fig"},D).

![Histological assessment of hepatic stellate cell activation and ductular reaction in EDP‐305‐treated BALBc.*Mdr2‐/‐* mice. Immunohistochemistry reveals that EDP‐305 markedly and dose‐dependently suppressed HSCs activation in vivo as assessed by α‐SMA (A) and ductular reaction (CK19, B) in BALB/c.*Mdr2−/−* livers. Representative images shown (original magnification, 200x, portal vein marked by asterisks). Morphometric area quantification of α‐SMA and CK19‐positive area (n = 5). 6w start group is a 'start of treatment' control. C‐D, Representative immunostaining for SOX9 and laminin (200×) with morphometric quantification. \**P* \< .05; \*\**P* \< .01 compared to placebo control group (ANOVA with Dunnett\'s post‐test)](LIV-40-1655-g003){#liv14490-fig-0003}

3.4. EDP‐305 treatment suppresses liver injury and liver fibrosis in the pre‐established MCD‐induced steatohepatitis model {#liv14490-sec-0018}
--------------------------------------------------------------------------------------------------------------------------

We next investigated the efficacy of EDP‐305 in a mechanistically different model of steatohepatitis due to MCD feeding, which is associated with a pericellular, 'metabolic‐type' liver fibrosis. Four‐week oral gavage treatment with vehicle only ('placebo'), EDP‐305 (10 mg/kg or 30 mg/kg) or OCA (30 mg/kg) started after week 4 on MCD feeding, at the stage of incipient perisinusoidal fibrosis [^20^](#liv14490-bib-0020){ref-type="ref"} (Figure [4A](#liv14490-fig-0004){ref-type="fig"}). All mice survived until the scheduled study termination with no apparent adverse effects or weight loss due to pharmacological treatments noted (Figure [S2](#liv14490-sup-0001){ref-type="supplementary-material"}B). Serum transaminases were significantly decreased by all treatments, with the maximal response observed in the EDP‐305 30mg/kg group where transaminases were lowered by 62% and 37% for ALT and AST, respectively, in MCD‐fed mice compared to placebo controls (*P \< .05*). Serum bilirubin showed a trend towards lower average values in 30mg/kg EDP‐305, but these changes were not statistically significant in multivariate analysis (Figure [4B](#liv14490-fig-0004){ref-type="fig"}). Connective tissue staining showed considerable progression of perisinusoidal fibrosis ('chicken wire') from minimal (week 4 on MCD, 'MCD 4w start' group) to significant (week 8 on MCD, 'placebo group) in placebo‐treated, MCD‐fed mice (Figure [4C](#liv14490-fig-0004){ref-type="fig"}). Collagen area was reduced by 61% and 86% in low‐ and high‐dose EDP‐305‐treated groups respectively. Likewise, hepatic hydroxyproline levels were reduced in high and low doses of EDP‐305‐treated mice by 81.8% and 80.5% respectively (*P \< .05 vs placebo*) (Figure [4D](#liv14490-fig-0004){ref-type="fig"}). OCA at 30mg/kg did not reduce connective tissue area or hepatic collagen content, which did not differ from the 'placebo' group (Figure [4C,D](#liv14490-fig-0004){ref-type="fig"}). EDP‐305, but not OCA, significantly and dose‐dependently reduced the immunopositivity for HSC activation marker, a‐SMA, and ductular reaction marker CK19 (by 51.3%, and 52.1% at 30mg/kg EDP‐305, respectively, *P \< .01,* Figure [4E,F](#liv14490-fig-0004){ref-type="fig"}), SOX9 and laminin expression (Figure [S3](#liv14490-sup-0001){ref-type="supplementary-material"}). Profibrogenic gene transcription levels of procollagen α1(I), TGFβ1, TIMP‐1 were decreased two‐ to three‐fold in all EDP‐305 treatment groups (Figure [4G](#liv14490-fig-0004){ref-type="fig"}). Although OCA did seem to reduce the average levels of profibrogenic mRNAs, these differences did not reach statistical significance.

![Delayed EDP‐305 treatment protects against MCD‐induced steatohepatitis and liver fibrosis. (A) Advanced steatohepatitis with liver fibrosis was induced in C57BL/6 mice by MCD feeding for 8 weeks. Delayed 4‐week treatment with EDP‐305 (10 mg/kg or 30 mg/kg), OCA (30 mg/kg) or vehicle was administered via daily oral gavage starting from week 4 on MCD. (n = 9‐10). CTRL are healthy untreated control mice (n = 6), 4w start group is a 'start of treatment' MCD‐fed controls (n = 10). (B) Serum levels of transaminases (ALT, AST), total bilirubin (TBIL) and (C) representative images of connective tissue staining (picrosirius red, 200×) and morphometric quantification of collagen area (n = 5). (D) Hepatic collagen content (via hydroxyproline levels). E. Immunohistochemistry for α‐SMA (upper row) and CK19 (lower row) with morphometric quantification (F, n = 5). Portal vein indicated by asterisk. (G) Profibrogenic transcript levels of procollagen α1(I), TGFβ1, TIMP‐1. Data are mean ± SEM, \**P* \< .05; \*\**P* \< .01 compared to placebo control group, \#, *P* \< .05 compared to start of treatment controls (ANOVA with Dunnett\'s post‐test)](LIV-40-1655-g004){#liv14490-fig-0004}

3.5. Chronic administration of OCA but not EDP‐305 induces low‐grade ductular proliferation in the absence of liver injury {#liv14490-sec-0019}
--------------------------------------------------------------------------------------------------------------------------

Based on the observation that OCA and EDP‐305 differentially impact ductular reaction in liver disease models, we hypothesized that OCA may have a direct effect on the biliary tree. In order to test that, we treated healthy wild‐type mice with OCA or EDP‐305 at 30 mg/kg (via diet) for up to 2 weeks. As expected, EDP‐305 or OCA had no influence on serum ALT, AST or bilirubin levels in the absence of liver disease (Figure [5A](#liv14490-fig-0005){ref-type="fig"}). Mild elevation of mean total bile acid levels was noted in the group treated with OCA for 2 weeks, but this was not statistically significant in the multivariate analysis when compared to placebo (*P = .1441*). However, immunochemistry staining for CK19 revealed that OCA (but not EDP‐305) induced a mild, but apparent increase in the numbers of duct‐like structures, with CK19‐positive cell clusters without a clearly defined lumen (pseudo‐ducts) and solitary progenitor‐like cells frequently extending into the liver lobule at week 2. Morphometrically, we observed a 48.6% increase in CK19‐positive cell numbers in OCA‐treated animals compared to controls (*P = .001*, Figure [5B](#liv14490-fig-0005){ref-type="fig"},C). These ductular structures expressed SOX9 and αvβ6 integrin, a HPC surface marker that is functionally required for HPC expansion.[^23^](#liv14490-bib-0023){ref-type="ref"} Enhanced expression of laminin around ductular proliferations was also noted in response to OCA but not to EDP‐305 in healthy wild‐type mice (Figure [5B](#liv14490-fig-0005){ref-type="fig"}). Furthermore, cholangiocyte/HPC markers *CK19, EpCAM*, *Trop2* and *Itgb6* [^23^](#liv14490-bib-0023){ref-type="ref"} were progressively elevated at mRNA level in OCA‐treated group up to two‐ to four‐fold compared to controls at 2 weeks, while EDP‐305 had no impact (Figure [5B,D](#liv14490-fig-0005){ref-type="fig"}). Finally, we analysed EDP‐305, OCA and its metabolites levels in the plasma, liver tissue and bile of these mice. Plasma EDP‐305 levels did not change between weeks 1 and 2 of dosing, and were about 10% of levels in liver or bile. In contrast, the taurine OCA conjugate was detected in plasma (683 ± 292 ng/mL) and liver (6337 ± 775 ng/g) after 1 week of dosing; OCA (160 ± 38 ng/mL) and glycine OCA conjugate (379 ± 57) were only found in bile, which also contained remarkably high levels of tauro‐OCA (2600 times and 300 times higher than plasma and liver levels respectively). OCA/metabolites showed a tendency to increase at week 2, except tauro‐OCA that remained at the same level (Table [S6](#liv14490-sup-0001){ref-type="supplementary-material"}).

![Chronic administration of OCA but not EDP‐305 induces mild ductular proliferation in livers of healthy wild‐type mice. Six‐week‐old wild‐type C57B16 mice received EDP‐305 or OCA‐supplemented diets (at 30 mg/kg/day dose equivalent) or control diet (Placebo) for 1 or 2 weeks. (A) Serum levels of transaminases (ALT, AST), TBIL and total bile acids. (B) Representative stainings for ductular markers CK19, integrin αvβ6, SOX9 and laminin (50x and x200 blow‐ups as indicated). (C) Quantification of CK19‐positive cells (n = 5). (D) Hepatic transcript levels of ductular/hepatic progenitor cell markers CK19, EpCAM, TROP2 and ITGB6, as measured by TaqMan qRT‐PCR. Data are mean ± SEM. \**P* \< .05 compared to placebo control group (ANOVA with Dunnett\'s post‐test)](LIV-40-1655-g005){#liv14490-fig-0005}

3.6. Differential effects of EDP‐305 and OCA on HPC lineage commitment in vitro {#liv14490-sec-0020}
-------------------------------------------------------------------------------

Activation of bipotent HPCs is driving 'ductular reaction' and is an almost universal finding in chronic liver disease. In order to investigate the direct effects of EDP‐305 and OCA on HPC biology, we freshly isolated EpCAM + cells from the chronically injured livers of *Mdr2‐/‐* and cultured them in differentiation medium with equimolar concentrations (500 nM) of FXR agonists. The drug concentration of 500nM was chosen based on maximal biological activity in stellate cell cultures (Figure [1](#liv14490-fig-0001){ref-type="fig"}) and was well below the peak concentration of OCA/metabolites observed in the bile (Table [S6](#liv14490-sup-0001){ref-type="supplementary-material"}). EpCAM + cells readily formed cell colonies demonstrating morphological features of ductular cells and hepatocytes. In the presence of OCA at 500nM, we noted that cells within colonies more frequently demonstrated spindle‐like or flattened morphology, and poorly formed monolayers, reminiscent of immature ductular cells (cholangiocyte lineage differentiation), compared to control or EDP‐305‐treated cells (Figure [6A](#liv14490-fig-0006){ref-type="fig"}). Quantification of the colony number and size revealed that neither EDP‐305 nor OCA affected colony‐forming ability of EpCAM + HPCs (Figure [6B](#liv14490-fig-0006){ref-type="fig"}). However, the expression of CK19, a cholangiocyte differentiation marker, was significantly upregulated in OCA‐treated HPC cultures (in situ immunofluorescence, Figure [6C](#liv14490-fig-0006){ref-type="fig"}). Transcript levels of CK19 and another HPC marker Trop2 was also significantly upregulated by OCA in total cell colony lysates, while EDP‐305 had no effect (Figure [6D](#liv14490-fig-0006){ref-type="fig"}). Conversely, hepatocyte lineage differentiation as assessed by a bona fide marker albumin secretion and albumin mRNA expression was diminished in OCA‐, but not EDP‐305‐treated HPC cultures (Figure [6E](#liv14490-fig-0006){ref-type="fig"}). HNF4α expression, a master hepatocyte differentiation factor, as well as LDL uptake (LDL, a functional hepatocyte marker) appeared to be modestly decreased only in OCA‐treated HPC cultures (Figure [6F](#liv14490-fig-0006){ref-type="fig"},G).

![Differential effect of FXR agonists on cholangiocyte lineage commitment of EpCAM + hepatic progenitor cells in vitro. Primary EpCAM + progenitor cells were isolated from Mdr2‐/‐ mice and grown in differentiation medium for up to 14 days in the presence of EDP‐305 or OCA (both at 500nM, added 12h after cell plating). Representative morphology of HPC colonies (A) and their characteristics according to colony number and size (B). Cholangiocyte lineage differentiation (C) as assessed via immunofluorescence for EpCAM (green) and CK19 (red), DAPI (blue) as nuclear counterstain and mRNA levels of CK19 and Trop2 (D) in cell lysates. Hepatocyte differentiation as assessed via albumin at mRNA and secreted protein levels (E), HNF4α immunofluorescence (F, red) and LDL uptake using Dil‐AcLDL (G, red fluorescence overlayed on phase‐contrast image) in the EpCAM(+) cell cultures in the presence of FXR agonists. Representative images are shown (×200). Data are mean ± SEM (from three individual cell isolations). \**P* \< .05 compared to untreated controls (*t* test)](LIV-40-1655-g006){#liv14490-fig-0006}

4. DISCUSSION {#liv14490-sec-0021}
=============

In this study, we evaluated the therapeutic efficacy of EDP‐305, a potent and selective new generation FXR agonist, in direct comparison with the first‐in‐class FXR agonist OCA. Delayed (therapeutic) treatment with EDP‐305 and OCA significantly improved liver injury, as evidenced by robust serum transaminases responses, in biliary and metabolic models of liver disease in mice. However, hepatic fibrosis was suppressed in both models by only EDP‐305 but not by OCA. In‐depth investigation revealed that worsening of ductular reaction is linked to the limited effect of OCA on hepatic fibrosis. OCA, but not EDP‐305, directly promoted ductal proliferation in the absence of liver injury in vivo, and directed differentiation of primary HPCs towards cholangiocyte lineage in vitro.

Recent studies have shown that FXR is expressed in rodent and human HSCs,[^9^](#liv14490-bib-0009){ref-type="ref"} the major fibrogenic effector cell in liver, and FXR agonism with OCA suppressed fibrogenic HSC activation in vitro and in vivo.[^26^](#liv14490-bib-0026){ref-type="ref"}, [^27^](#liv14490-bib-0027){ref-type="ref"}, [^28^](#liv14490-bib-0028){ref-type="ref"} Our in vitro results with the structurally diverse FXR agonist EDP‐305 confirm previous reports and support the functional role of FXR in HSC activation. Compared to OCA,[^26^](#liv14490-bib-0026){ref-type="ref"} EDP‐305 potently and dose‐dependently inhibited primary HSC activation, proliferation and fibrogenic factors expression at submicromolar concentration (Figure [1](#liv14490-fig-0001){ref-type="fig"}). Next, we performed formal, comprehensive efficacy testing of EDP‐305 in two preclinical murine models of chronic liver associated with progressive fibrosis, BALBc.*Mdr2‐/‐* [^19^](#liv14490-bib-0019){ref-type="ref"} (biliary‐type) and MCD‐induced steatohepatitis [^20^](#liv14490-bib-0020){ref-type="ref"} (metabolic‐type). The effect on histology and all quantitative measures of liver fibrosis by EDP‐305 and OCA differed substantially (Figure [2](#liv14490-fig-0002){ref-type="fig"}). In BALBc.*Mdr2‐/‐* model, EDP‐305 robustly and dose‐dependently reduced collagen deposition histologically (connective tissue square morphometry, up to 53% reduction) and biochemically (hepatic hydroxyproline content, up to 39% reduction), which are used as a 'gold standard' measure of the extent of fibrosis.[^4^](#liv14490-bib-0004){ref-type="ref"} Hepatic mRNA expression of key profibrogenic factors, used to assess *fibrogenesis activity*, also decreased up to two‐fold. Importantly, EDP‐305 at both doses reduced portal venous pressure, a most reliable surrogate predictor of progression to cirrhosis in humans, by an average of approximately 2 mm Hg (Figure [2F](#liv14490-fig-0002){ref-type="fig"}). The observed antifibrotic efficacy was not model specific, since similar tests in the mechanistically different, MCD‐induced steatohepatitis model (that develops NASH‐like perisinusoidal, so called metabolic‐type fibrosis) produced even more pronounced EDP‐305 effect on fibrosis, exceeding 80% of collagen deposition reduction as measured via hydroxyproline, a 'gold standard' fibrosis measure (Figure [4](#liv14490-fig-0004){ref-type="fig"}). We observed no effect on fibrosis‐related parameters by OCA at a 30 mg/kg dose in parallel comparison groups, despite the obvious improvement in transaminases. Although the biochemical (serum ALT) response appeared to be more pronounced to EDP‐305 compared to OCA (both at 30mg/kg dose), small differences in liver injury improvement cannot fully explain the difference in fibrotic outcomes.

The profound differences in the effects of EDP‐305 and OCA on fibrosis were puzzling and this prompted an investigation into the potentially responsible mechanisms. In contrast to previous reports by others in liver disease models, we observed a considerable liver toxicity that resulted in morbidity and mortality in some OCA‐treated *Mdr2‐/‐* mice at 30 mg/kg dose routinely used in previous preclinical studies.[^22^](#liv14490-bib-0022){ref-type="ref"} This toxicity manifested itself during the second week of treatment only in the *Mdr2‐/‐* model was characterized by weight loss, focal hepatocyte death and a spike in serum transaminases, ALKP and TBIL (Figure [S1](#liv14490-sup-0001){ref-type="supplementary-material"}), and had a transient nature because surviving mice regained the weight by week 3 (Figure [S2](#liv14490-sup-0001){ref-type="supplementary-material"}A), and did not show necrotic lesions and had instead reduced transaminases at the 6‐week study end point (Figure [2B](#liv14490-fig-0002){ref-type="fig"}).

Interestingly, Baghdasaryan *et al* previously reported worsening of liver disease and fibrosis in INT‐747/OCA‐fed *Mdr2‐/‐*, but observed no serious adverse effects for up to 4 weeks of treatment.[^22^](#liv14490-bib-0022){ref-type="ref"} This can be explained by the markedly more severe disease phenotype in our *Mdr2‐/‐* strain on fibrosis‐susceptible BALB/c genetic background[^19^](#liv14490-bib-0019){ref-type="ref"} compared to relatively mild disease in FVB *Mdr2‐/‐* strain used by Baghdasaryan *et al* It is tempting to speculate that such transient/low‐grade hepatotoxicity might help to explain the lack of OCA effect on fibrosis compared to EDP‐305 (Figures [2](#liv14490-fig-0002){ref-type="fig"} and [4](#liv14490-fig-0004){ref-type="fig"}). One potential caveat of Mdr2‐/‐ experiment is incorporation of drugs into diet, the dosing regimen that is harder to precisely control. We did not test the efficacy of lower doses of OCA in our study which may have been more efficacious; in MCD model, where OCA was dosed precisely via daily oral gavage, no overt toxicity was observed. However, medicated diets were well tolerated in healthy mice, and in the MCD‐fed mice OCA still failed to significantly impact fibrosis (Figure [4C,D](#liv14490-fig-0004){ref-type="fig"}), which speaks against potential dosing issue in medicated diet experiment. Another limitation in our study is a potential confounding in Mdr2‐/‐ efficacy study due to exclusion of seven out of 19 mice that became moribund and were excluded from analysis. Thus, observed hepatotoxicity is most likely model specific due to previously reported remarkable susceptibility of *Mdr2‐/‐* mice to bile acid‐induced liver injury,[^29^](#liv14490-bib-0029){ref-type="ref"}, [^30^](#liv14490-bib-0030){ref-type="ref"} and/or diminished liver function due to a very severe disease in our *Mdr2‐/‐* strain[^19^](#liv14490-bib-0019){ref-type="ref"} which has been shown to slow down OCA clearance.[^31^](#liv14490-bib-0031){ref-type="ref"} Absence of any OCA‐induced liver injury in healthy wild‐type mice on two genetic backgrounds and dosed via same medicated diet supports this explanation (C57Bl6, Figure [5](#liv14490-fig-0005){ref-type="fig"} and BALB/c, Figure [S1](#liv14490-sup-0001){ref-type="supplementary-material"}). While this observation is unlikely to explain the differences in antifibrotic activity of OCA and EDP‐305, this may serve as a model to study the mechanism of FXR‐dependent liver toxicity, which is of practical importance given the recent reports of liver failure following the accidental OCA overdosing in human patients with end‐stage liver disease.

Another, and in our view more plausible, explanation for the remarkable differences we observed in FXR agonists' effects on fibrosis in *Mdr2‐/‐* and MCD models is linked to the different impact of these treatments on accompanying ductular reaction. Prominent paracrine profibrogenic role of reactive cholangiocytes/HPC, comprising ductular reaction, is well documented by us and others [^23^](#liv14490-bib-0023){ref-type="ref"}, [^32^](#liv14490-bib-0032){ref-type="ref"} and recently reviewed [^33^](#liv14490-bib-0033){ref-type="ref"}, [^34^](#liv14490-bib-0034){ref-type="ref"}). Thus, activation of either progenitors or cholangiocyte proliferation (or both) may offset the direct therapeutic effect of FXR agonists on HSCs. In both our in vivo models, lack of improvement in ductular reaction by OCA was associated with rather modest decrease in HSC activation marker α‐SMA (20% decrease in *Mdr2‐/‐* and no change in MCD model); this is in stark contrast with EDP‐305 which at the same dose of 30mg/kg decreased both ductular proliferation and HSC activation by 90% and 80% respectively (Figures [3](#liv14490-fig-0003){ref-type="fig"} and [4](#liv14490-fig-0004){ref-type="fig"}). The expansion of SOX9 + undifferentiated progenitors is accompanied by laminin‐rich niche formation[^35^](#liv14490-bib-0035){ref-type="ref"}; in both Mdr2‐/‐ and MCD models, EDP‐305 robustly decreased laminin and SOX9 expression while OCA showed little effect (Figure [3C,D](#liv14490-fig-0003){ref-type="fig"} and Figure [S3](#liv14490-sup-0001){ref-type="supplementary-material"}). These findings are generally consistent with our hypothesis that worsening of ductular reaction by OCA limits its antifibrotic activity. Since the effects of FXR agonism on ductular proliferation were not directly addressed in the existing literature, these intriguing observations prompted us to investigate it further.

Strikingly, even in the absence of underlying liver injury, 2 weeks of OCA treatment (but not EDP‐305) induced mild, but readily detectable expansion of CK19+ and SOX9 + ductular cells within laminin‐rich matrix in the livers of healthy mice, which exhibited morphological feature characteristic of HPC activation and progressive increase of cholangiocytes/HPC‐specific mRNA of CK19, EpCAM and Trop2 and ITGB6[^23^](#liv14490-bib-0023){ref-type="ref"} in the livers of OCA‐treated mice, whereas EDP‐305 had no impact (Figure [5](#liv14490-fig-0005){ref-type="fig"}). These results together with either worsening or the lack of improvement in profibrogenic ductular reaction in OCA‐treated mice with two types of chronic liver injury (Figures [3B](#liv14490-fig-0003){ref-type="fig"} and [4E](#liv14490-fig-0004){ref-type="fig"},F) strongly suggested that OCA exerts previously unrecognized effect on HPC activation, the major cell lineage giving rise to 'ductular reaction'. Interestingly, differential effects on FXR agonists on ductular reaction were clearly independent of cholestasis since serum ALKP and total bile acid were similarly reduced by both FXR agonists (Figure [3C](#liv14490-fig-0003){ref-type="fig"}).

This prompted us to investigate the direct effects of FXR agonists on freshly isolated HPC in vitro. Colony formation assay revealed that neither EDP‐305 nor OCA had an obvious effect of ability of EpCAM + HPC cells to form colony or their size. However, HPC differentiation was impacted by OCA (but not EDP‐305), which promoted (profibrogenic) cholangiocyte lineage differentiation of HPC over beneficial (non‐fibrogenic) hepatocyte lineage commitment (Figure [6](#liv14490-fig-0006){ref-type="fig"}). Nonetheless, one must be aware of a caveat of direct in vitro comparison of OCA with other FXR agonists in our studies using primary stellate cells and HPC cultures, since in vivo two of its major metabolites (glyco‐ and tauro‐OCA) substantially contribute to the biological activity and therapeutic profile of OCA.[^13^](#liv14490-bib-0013){ref-type="ref"} In contrast, all biological activity in vivo is largely attributed to the EDP‐305 molecule, and thus any in vitro differences in the activity of OCA and EDP‐305 should be interpreted with caution (Tables [S5](#liv14490-sup-0001){ref-type="supplementary-material"} and [S6](#liv14490-sup-0001){ref-type="supplementary-material"}).

Taken together, these data suggest that OCA directly promotes cholangiocyte/HPC differentiation and ductular reaction. These in vitro results are generally consistent with substantial decrease in laminin‐rich HPC niche by EDP‐305 but not by OCA in vivo (Figure [3C](#liv14490-fig-0003){ref-type="fig"}D and Figure [S3](#liv14490-sup-0001){ref-type="supplementary-material"}), a critical step precipitating hepatocyte differentiation of hepatic stem cells/progenitors.[^24^](#liv14490-bib-0024){ref-type="ref"}, [^35^](#liv14490-bib-0035){ref-type="ref"} Because structurally unrelated FXR agonist EDP‐305 at the same dose did not have any effect on ductular proliferation in vitro or in vivo, such effects appear to be OCA specific rather than general, FXR agonism‐related biological activity. An intriguing question that remains to be elucidated is whether such direct effects of OCA on biliary tree may explain enigmatic, paradoxical increase in ALKP reported in FLINT NASH trial [^11^](#liv14490-bib-0011){ref-type="ref"} or exacerbation of gallstone disease in the subset of patients.[^17^](#liv14490-bib-0017){ref-type="ref"}

It is important to note that the biliary tree of healthy mice treated with OCA is predominantly exposed to high levels of bioactive OCA metabolite tauro‐OCA, which are about 2600 times greater than its plasma levels. These levels were two orders of magnitude higher than that of OCA itself, and tend to accumulate with time (Table [S6](#liv14490-sup-0001){ref-type="supplementary-material"}), presumably due to enterohepatic circulation. Therefore, it is likely that tauro‐OCA primarily determines the efficacy and safety profile, as well as potential off‐target effects, in our model system. While OCA itself showed no toxicity in primary human hepatocyte cultures at concentration well above those observed in our in vivo experiments (100 µmol/L), both major bioactive metabolites (glyco‐ and tauro‐OCA) induced cell death at same concentration.[^36^](#liv14490-bib-0036){ref-type="ref"} In the serum, both OCA and its major metabolite tauro‐OCA in our study were below reported toxic levels (Tables [S5](#liv14490-sup-0001){ref-type="supplementary-material"} and [S6](#liv14490-sup-0001){ref-type="supplementary-material"}). However, in the bile, the tauro‐OCA levels reached 4.47 mM concentration (Table [S6](#liv14490-sup-0001){ref-type="supplementary-material"}), at which direct toxic and/or off‐target effects can be expected. Based on all available preclinical and clinical pharmacokinetic data,[^37^](#liv14490-bib-0037){ref-type="ref"} EDP‐305 does not generate any glycine‐ or taurine‐conjugated metabolites and thus, does not undergo intrahepatic circulation.

EDP‐305 molecule was specifically designed to avoid TGR5 engagement (EC50 \> 15 µM). OCA itself is a weak TGR5 agonist (EC50 = 0.918 μM), whereas its glycine and especially taurine conjugates are considerably more potent TGR5 agonists, with reported EC50 values 0.315 and 0.205 μM respectively.[^14^](#liv14490-bib-0014){ref-type="ref"} Because tauro‐OCA concentration reach low millimolar range in bile, there is little doubt that it will engage TGR5 receptors in biliary tree, and TGR5‐dependent mechanism may be responsible for differential effects on ductular reaction observed with FXR agonists (Figures [5](#liv14490-fig-0005){ref-type="fig"} and [6](#liv14490-fig-0006){ref-type="fig"}). While the off‐target TGR5 reactivity may, in theory, increase the therapeutic efficacy of OCA,[^22^](#liv14490-bib-0022){ref-type="ref"} it may as well be responsible for its common side effects such as pruritus [^15^](#liv14490-bib-0015){ref-type="ref"} by mediating bile acid‐mediated activation of sensory nerves,[^16^](#liv14490-bib-0016){ref-type="ref"} as well as for more subtle, subclinical effects on HPC/cholangiocyte liver compartment that we report here for the first time. It appears likely that recently reported OCA‐induced gallstone formation in subset of susceptible patients [^17^](#liv14490-bib-0017){ref-type="ref"} is a TGR5‐mediated phenomenon and biliary obstruction may partially contribute to worsening of ductular reaction in our system. Although we did not directly interrogate this in our study, prior reports in knockout mice suggest that TGR5‐dependent mechanism is plausible, since TGR5 is required for bile acid‐induced cholangiocyte proliferation both in vivo and in vitro,[^38^](#liv14490-bib-0038){ref-type="ref"} and for bile acid‐induced hepatic differentiation of mesenchymal stem cell.[^39^](#liv14490-bib-0039){ref-type="ref"} A differential effects of FXR agonists on re‐expression of impaired tight junctions within biliary tree, as directly observed by Pradhan‐Sundd et al in different models of cholestatic and metabolic liver injury,[^40^](#liv14490-bib-0040){ref-type="ref"} is an intriguing hypothesis that is worth exploring in the follow‐up studies.

A recent study by Schwabl et al [^41^](#liv14490-bib-0041){ref-type="ref"} reported that another non‐bile acid FXR agonist PX20606 improved portal hypertension in both cirrhotic and non‐cirrhotic rats, substantially exceeding OCA efficacy. It should be noted that significant species variation in OCA metabolism should be carefully considered when studying OCA as comparator. For instance, most preclinical studies which demonstrated OCA efficacy on fibrosis and portal pressure and fibrosis were performed in rats[^26^](#liv14490-bib-0026){ref-type="ref"} ,[^4241^](#liv14490-bib-0042){ref-type="ref"} whereas it was challenging to reproduce same results in a mouse system in earlier reports and in our present study. However, the OCA metabolism profile in mice is in fact closer to humans, with OCA conjugates representing the major fraction compared to OCA in both species; in contrast, unmetabolized OCA represents the major biologically active drug fraction in rats.[^31^](#liv14490-bib-0031){ref-type="ref"}

In conclusion, we report the comprehensive analysis of therapeutic efficacy of the FXR agonist EDP‐305 in mouse models of biliary and metabolic liver disease associated with fibrosis. In both models and by all studied parameters, EDP‐305 outperformed first‐in class FXR agonist OCA, especially in regard to the therapeutic effect on liver fibrosis. Our data further suggest that direct effects of OCA on the ductular reaction limits its antifibrotic activity, suggesting the biological activity towards biliary compartment should be taken into account when devising new FXR/FGF19 therapeutics. Our results are supporting the notion that structurally differentiated FXR agonists may offer a substantially improved therapeutic profile in liver disease. The encouraging efficacy and safety profile of EDP‐305 reported here warrants its further evaluation in clinical trials for biliary and metabolic liver diseases.
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